Life-history variation predicts the effects of demographic stochasticity on avian population dynamics Saether,
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abstract: Comparative analyses of avian population fluctuations have shown large interspecific differences in population variability that have been difficult to relate to variation in general ecological characteristics. Here we show that interspecific variation in demographic stochasticity, caused by random variation among individuals in their fitness contributions, can be predicted from a knowledge of the species' position along a "slow-fast" gradient of life-history variation, ranging from high reproductive species with short life expectancy at one end to species that often produce a single offspring but survive well at the other end of the continuum. The demographic stochasticity decreased with adult survival rate, age at maturity, and generation time or the position of the species toward the slow end of the slow-fast life-history gradient. This relationship between life-history characteristics and demographic stochasticity was related to interspecific differences in the variation among females in recruitment as well as to differences in the individual variation in survival. Because reproductive decisions in birds are often subject to strong natural selection, our results provide strong evidence for adaptive modifications of reproductive investment through life-history evolution of the influence of stochastic variation on avian population dynamics.
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Stochastic factors strongly affect the population dynamics of many bird populations (Lebreton 1990; Pimm 1991; Stacey and Taper 1992; Newton 1998; Bro et al. 2000; Lande et al. 2003) . To answer one of the most central ecological questions of why there are such large interspe-cific differences in population variability (Pimm 1991; Ariño and Pimm 1995; Inchausti and Halley 2002) , we must therefore obtain a proper understanding of how the separate effects of demographic and environmental stochasticity are related to demographic variation across species. Theoretical analyses have shown that knowledge of demographic stochasticity is especially important for fluctuations of small populations (May 1973; Leigh 1981; Lande 1998; Lande et al. 2003 ) that often are of management concern. For instance, important characteristics such as the expected time to extinction (Lande 1998; and the presence of stochastic Allee effects at small population sizes (Lande 1998; Engen et al. 2003) are closely related to the magnitude of the demographic variance . As a consequence, failure to include 2 j d demographic stochasticity in the analyses may result in severely biased predictions of population viability Engen 2002a, 2003) . However, estimates of are 2 j d available only for a few species ).
Here we relate interspecific variation in to avian life-2 j d history characteristics that are easier to collect than longterm data on individual fitness variation that are necessary for estimating . Such information 2 j d can therefore be used to get approximate information about in many rare or endangered species. Furthermore, 2 j d recent comparative studies have suggested that in many taxa, interspecific variation in demographic variables can be predicted from knowledge of life-history characteristics because demographic traits such as adult survival or age at maturity decreases with clutch size (Pfister 1998; Saether and Bakke 2000; Gaillard and Yoccoz 2003) . Furthermore, in birds and mammals not only mean values but also information about variability in demographic traits can be gained from knowledge of life-history characteristics. For instance, in birds (Saether and Bakke 2000) and mammals (Gaillard and Yoccoz 2003) , the relative contribution of temporal variation in different demographic traits to fluctuations in the population growth rates is dependent on the life-history characteristics of the species. Such relationships can be due to life-history-dependent effects of either density dependence (e.g., Lande et al. 2002) or stochastic variables. Here we examine how the total stochastic contribution to annual variation in population size depends on the life-history characteristics of the species. We do this by relating to environmental stochasticity , 2 2 j j d e random variation affecting the whole population or group of individuals similarly , obtained from analysis of time series. The presence of such a relationship will indicate a link between environmental fluctuations, life-history variation, and patterns in avian population dynamics. Previous analyses have shown that birds can be divided along a "slow-fast" continuum of life-history variation (Saether and Bakke 2000; Bennett and Owens 2002) . At one end of the continuum, we have species that are characterized by an early age at maturity, large clutch sizes, and high mortality rates. At the opposite end are longlived species that produce a few (often a single) offspring and have a delayed onset of reproduction. Two alternative hypotheses may explain covariation between and the 2 j d position of a species along this slow-fast continuum. According to one hypothesis, is expected to increase with 2 j d adult survival rate (and hence to decrease with clutch size) because very few offspring recruit in short-lived species with a high first-year mortality. Alternatively, can be 2 j d expected to decrease with adult survival rate because lifehistory constraints (small reproductive rates, high life expectancy) generate small variability in fitness among individuals in long-lived species. Here we examine the validity of these hypotheses using a data set of individual variation in fitness contribution of 31 bird species.
Methods

Demographic Variance
The demographic variance was estimated from data on 2 j d individual variation among females in their fitness contributions to the following generations (for further discussion of the rationale behind this definition, see Engen et al. 1998; Lande et al. 2003) . The total contribution of a female i in year t (R i ) is the number of female offspring born during the year that survive for at least 1 year plus one more if the female survives to the next year (Saether et al. 1998 ). The demographic variance was estimated as the weighted mean across years of , where is the mean con-
tribution of the females, a is the number of recorded contributions in year t, and E denotes the expectation.
The demographic variance can be partitioned (Fox and Kendall 2002) into components due to variation in fecundity, survival, and interaction between fecundity and survival. Writing B for the number of offspring produced, if the mother survives and if she dies, the I p 1 I p 0 demographic variance is the mean over years of the withinyear variance of . This can be split into its com-R p B ϩ I ponents , which Var (R) p Var (B) ϩ Var (I) ϩ 2 Cov (B, I) can be estimated separately by simple sum of squares.
In long-lived species, stochastic variation in age structure constitutes an important component of demographic stochasticity (Goodman 1967) . For species with a mean age of maturity older than 3 years, we estimated by the 2 j d method of S. Engen, R. Lande, and B.-E. Saether (unpublished manuscript) . Based on the contributions (B jt , I jt ) for the different age classes i in year t, we calculate the demographic stochasticity from the projection matrix (Cas- 
where is the total number of individuals in
age class i and T is the number of years. These estimates were computed separately for each age class to give an estimator for that is derived from the estimated deter-
Here , where is the dominant eigenvalue of the r p ln l l mean Leslie matrix and (U 0 , U 1 , …, U k ) is the stable age distribution for the deterministic matrix model.
In total, we obtained estimates of for 52 populations 2 j d covering 31 species. Following the taxonomy of Sibley and Ahlquist (1990) , we included 15 species from the order Passeriformes, 11 species from Ciconiiformes, three species from Strigiformes, and one species from each of the orders Piciformes and Gruiformes. For species composition, see table A1 in the online edition of the American Naturalist.
Environmental Variance
To examine the relationship between demographic and environmental stochasticity, we used long-term (≥10 years) time series of population fluctuations. We included only time series where the estimates were based on observations of recognizable individuals or direct nest counts to reduce the effects of sampling errors in the population estimates.
Following the approach of , two different models were used to analyze the time series. In the time series in which a visual inspection of the time series suggested an influence of density dependence (see appendix), we assumed a theta-logistic model of density regulation (Gilpin and Ayala 1973) :
Here r 0 is the mean specific population growth rate as N approaches 0, is the change in population size N from DN one year to another, K is the carrying capacity, and v specifies the form of the density regulation. By varying v, we can describe a wide variety of functions of density regulation. Equation (1a) can also be written (Saether et al. 2000a 
where r 1 is the mean specific population growth rate at . Writing and using the first-order ap-
, we find for small to moderate DX ≈ DN/N fluctuations in population size that the expected change in log population size is
where . Assuming to be known, the other 2 2
parameters (including ) in equation (2) were estimated 2 j e by maximum likelihood using the full likelihood function for the process obtained by assuming that conditioned DX on X is normally distributed (see Saether et al. 2000a Saether et al. , 2002c . However, in one species (Larus canus), no satisfactory fit to the theta-logistic model was obtained, and the estimate of was excluded from the analyses.
2 j e For steadily increasing or decreasing populations (see appendix) assumed to be far below K, we fitted a model with density-independent population growth (including demographic as well as environmental stochasticity) following the estimation procedures of Dennis et al. (1991) and Engen et al. (2001) .
Life-History Traits
Modal values of clutch size and age at maturity A were used as estimates of life-history variables. The mean recapture rate of individually recognizable breeding females was used as an estimate of adult survival rate p.
Assuming a stable population, we calculated the generation time as . For T p A ϩ p/(1 Ϫ p) Diomedea exulans and Fulmarus glacoides, P was set equal to .98 to avoid large effects on T of small uncertainties in p. 
Phylogenetic Analysis
We used a generalized least squares approach to control for phylogeny and to estimate correlations between traits. The technique employed was suggested by Pagel (1999) and is outlined in detail by Freckleton et al. (2002) . The approach fits a multivariate normal distribution to data using the phylogeny and an underlying assumption of Brownian trait evolution to specify the expected variance and covariance of traits among species in terms as a function of the phylogeny. The probability density for this model is 1 1
where y is a vector listing each of the k traits for 1 # kn the n species, is the design matrix, is a list of G g k # 1 the means of the k traits, and S is the variancek # k covariance matrix of the traits. The matrix V is the variance-covariance matrix for the species, derived from the phylogeny. The elements of this matrix are shared branch lengths for species, thus measuring phylogenetic relatedness. Pagel (1999) defined an index t that measures the degree of phylogenetic dependence. Index t transforms the variance-covariance matrix V by multiplying the offdiagonal elements. A value of indicates that traits t p 0 show complete phylogenetic independence, whereas a value of indicates that traits vary in accordance with t p 1 the Brownian model. Equation (3) may be used to generate a likelihood function that solves to yield an estimate of g for a given value of t:
The elements of the variance-covariance matrix are then estimated by
where the divisor ( ) yields an unbiased (restricted) n Ϫ k maximum likelihood estimate of the variance. The elements of S, the trait variance-covariance matrix, may be used to estimate the correlation between traits. Then t is varied to find the value that maximizes the likelihood for the whole data set through a direct search algorithm.
In the results below, we report the maximum likelihood values of trait correlations (derived from S) as well as the maximum likelihood estimates of t used to estimate these.
Results
The estimates of ranged from 0.007 in one population We then decomposed the demographic stochasticity into different components due to random individual variation in fecundity and in survival. Using mean species-specific values, the two components of the demographic variance were positively correlated ( fig. 2a, ] before and after removn p 29 P ! .05 t p 0.84 ing the effects of phylogeny, respectively). As expected from this relationship, interspecific differences in demographic variance were closely related to the size of both the fecundity component ( fig. 2b, life-history continuum (Saether and Bakke 2000; Bennett and Owens 2002) , that is, in species with large clutch sizes ( fig. 3a , correlation , , coefficient p 0.50 n p 31 P p ), short life expectancy ( fig. 3b , correlation coeffi-.004 , , ), early age at maturity cient p Ϫ0.57 n p 31 P p .001 ( fig. 3c, correlation , , coefficient p Ϫ0.61 n p 31 P ! ) and short generation times ( fig. 3d, . This supports the hypothesis that the P 1 .05 t p 0.93 level of demographic stochasticity in avian population dynamics is subject to life-history constraints on the possible range of variation in fecundity or survival, resulting in small values of in long-lived species with small repro-
Environmental stochasticity is another major stochastic component influencing avian population dynamics (Le- . Howcoefficient p 0.51 P p .009 n p 25 ever, this relationship was no longer significant ( ) P 1 .05 after excluding Melopsiza melodia from the analysis or when accounting for the effects of phylogeny (phylogenetic correlation , ). coefficient p 0.25 t p 0.86
Discussion
This study is based on three fundamental assumptions. First, we assume that the large uncertainties in the parameter estimates (Saether et al. 2000a; Lande et al. 2003) , because of time series that in a statistical sense are short, are independent of the speciesspecific life-history characteristics. To reduce the impact of violation of this assumption, we fit density-dependent models only to species with age at maturity ≤3 years of age (see appendix). Second, we assume that interspecific variation in population dynamical characteristics is larger than differences among populations within a species. This is not necessarily always the case. For instance, in three hole-nesting species (Parus caeruleus, Parus major, and Ficedula hypoleuca) for which several estimates of and 2 j d were available , the among-2 j e population variation was larger than the interspecific variation in both the demographic and the environmental 2 j d variance . However, most of the estimates of long-lived 2 j e species (appendix) still lie outside the range of intraspecific variation within these three passerine species that have quite similar life-history characteristics. Third, the estimates of may be influenced by interspecific differences 2 j d in natal dispersal (Lambrechts et al. 1999) because small values of are expected in populations where few recruits 2 j d return. However, in several of the long-lived species with small demographic stochasticity (e.g., Diomedea exulans), a large proportion of all individuals in the population have been individually followed over several decades (Weimerskirch 1992) that sometimes also involved control of even long-distance dispersers (Inchausti and Weimerskirch 2002) . This makes it unlikely that the proportion of unrecorded recruits is systematically smaller among longlived species, even though the number of local recruits may be extremely small also in long-lived species such as Pagodroma nivea (Chastel et al. 1993) . In spite of these caveats, we still find that the contribution of demographic stochasticity to annual variation in population size of birds increases with decreasing life expectancy and increasing clutch size ( fig. 3) . This supports the hypothesis that reduced demographic stochasticity is found in species at the slow end of the slow-fast continuum of life-history variation (Saether and Bakke 2000; Bennett and Owens 2002) .
The methods employed here allow for separating out the relative contribution of demographic and environmental stochasticity to variation in annual changes in (log) population size. This represents an important extension of earlier stochastic population models that considered only either demographic stochasticity (Bartlett 1960) or environmental variance (Tuljapurkar 1990) . Our results indicate a covariation across species between these two stochastic components of the population dynamics, although this relationship was strongly sensitive by one outlier ( fig. 4) . However, we estimated only for species that 2 j e matured earlier than 4 years of age to avoid the effects of life-history-induced effects on the population fluctuations (Lande et al. 2002) . Although we have no methods available yet for separating out this effect, our estimates suggest that a reduction of the stochastic influence on the population fluctuations may be a general characteristic of the population dynamics of long-lived species.
Analyses of avian life-history variation have identified strong phylogenetic effects (Bennett and Owens 2002) . Some families have evolved slow development, delayed maturation, and small clutch sizes, whereas others are characterized by an early age of maturity and high reproductive output (Lack 1968) . Accordingly, for many of the relationships, our phylogenetic analyses show high values of the phylogenetic index t (Freckleton et al. 2002) , indicating that phylogenetic relationships explain a high proportion of the relationship between demographic stochasticity and life-history variation in birds. This component was especially large for the contribution of fecundity to interspecific variation in . fig. 3 ) may be due to a relationship between habitat characteristics and population dynamics. If, for instance, marine environments are more stable than terrestrial environments, the proportion of marine species in the data set will strongly influence any relationships. However, including only terrestrial species in the analyses had only a slight effect (!10%) on the correlation coefficients in figure  3 . Second, our results (figs. 3, 4) may suggest an adaptive reduction through natural selection of the influence of stochastic variation on population variability in long-lived species. In general, the deterministic growth rate r 1 in birds decreases with adult survival rate ). This reduces the maximal amount of stochastic variation in the population dynamics that still ensures a positive long-run population growth rate (see eq.
[2]). Accordingly, species with small clutch sizes have smaller demographic variances ( fig. 3a) . Since individual variation in resource allocation is likely to affect reproductive success (Roff 1992) , this suggests that females in long-lived species allocate resources toward their own survival at the expense of expected survival of offspring under unfavorable environmental conditions. This is also supported by theoretical analyses of life-history evolution in stochastic environments showing increased environmental stochasticity to favor delayed reproduction or reduced parental effort to reduce the risk of extinction (Orzack 1997; Erikstad et al. 1998; Benton and Grant 1999; Orzack and Tuljapurkar 2000; Gaillard and Yoccoz 2003) . For instance, female cervides may stop lactating during periods with bad weather (Gaillard and Yoccoz 2003) , resulting in mortality of the offspring. Accordingly, shortlived bird species generally respond by increased foraging effort when the nutritional requirements are artificially increased (Wright and Cuthill 1989 ), but such a response sacrificing the probability of own survival in favor of offspring investment is rarely recorded in long-lived species (Saether et al. 1993) .
A general pattern that seems to emerge from several studies covering a variety of taxa (Pfister 1998; Saether and Bakke 2000; Gaillard and Yoccoz 2003) is that smaller temporal variation is found in those demographic traits that most strongly influence variation in population growth rate. However, these studies were unable to distinguish between the relative contribution of density dependence and stochastic variation to the variance in demographic traits. Our results suggest that an important contribution in birds to such an inverse relationship between variance and sensitivity (Caswell 2001 ) of a trait is a reduction in long-lived species of the influences of the demographic stochasticity ( fig. 3) and also maybe the environmental stochasticity ( fig. 4 ) on the population growth rate. This suggests an interaction between patterns in population dynamics and evolutionary processes within populations, probably operating through an increase of life expectancy in the intensity of natural selection to reduce the influence of stochastic variation on demographic traits with high sensitivity.
